Introduction
The purine nucleoside analog fludarabine has an established role as first-line therapy for chronic lymphocytic leukemia (CLL) and more recently has also been used in host conditioning regimens prior to allogeneic hematopoietic cell transplantation (HCT) or adoptive T-cell therapy [5, 11, 24] . Fludarabine is administered as its monophosphate form over a wide dosage range of 90-250 mg/m 2 in HCT conditioning regimens [10] . Fludarabine must undergo active intracellular transport and metabolism to form fludarabine triphosphate (F-ara-ATP), which inhibits ribonucleotide reductase and DNA polymerase and ultimately leads to cellular apoptosis in both actively dividing and resting cells [15] . As represented in Fig. 1 , fludarabine (9-b-D-arabinofuranosyl-2-fluoroadenine, or F-ara-A) is administered as the monophosphate prodrug and is rapidly dephosphorylated in plasma to fludarabine by serum phosphatase and ecto-5 0 -nucleotidase (CD73) [15] . Intracellular uptake of fludarabine is mediated by several nucleoside transporters, including the nitrobenzylthioinosine (NBMPR)-sensitive human equilibrative nucleoside transporter 1 (hENT1), the NBMPR-insensitive human equilibrative nucleoside transporter 2 (hENT2), and the human concentrative nucleoside transporter 3 (hCNT3) [15, 29] . Once inside the cell, fludarabine is sequentially phosphorylated to the monophosphate (F-ara-AMP), diphosphate (F-ara-ADP), and triphosphate (F-ara-ATP) forms by deoxycytidine kinase (dCK), adenylate kinase (AK), and nucleoside diphosphate kinase (NDK), respectively [32] . F-ara-AMP can also be dephosphorylated to fludarabine by 5 0 -nucleotidase (CN-II) and deoxynucleotidase-1 (dNT-1).
Substantial efforts have been made to optimize response and/or decrease toxicity to fludarabine as firstline therapy for CLL [15, 24, 30] . However, these results cannot be extrapolated to T-lymphocytes because CLL cells and T-lymphocytes (i.e., CD4 + and CD8 + cells) have different susceptibility to equivalent fludarabine concentrations [9] . The toxicity of fludarabine is not predicted by body-surface-area-based dosing [33] ; and plasma fludarabine area under the plasma concentration-time curve (AUC) is not correlated with T-cell chimerism or engraftment in patients receiving fludarabine-based conditioning regimens [7] . Several lines of evidence suggest that the effects of fludarabine upon lymphocyte subsets may significantly influence outcomes in allogeneic HCT recipients [1, 4, 26, 31] . Therefore, developing novel methods of predicting an individual's response to fludarabine is critical.
The intracellular exposure to F-ara-ATP within CD4 + and CD8 + T-lymphocytes is of interest because F-ara-ATP is the primary intracellular, and only known cytotoxic, metabolite of fludarabine [15] . Determination of F-ara-ATP accumulation in CD4 + and CD8 + T-lymphocytes may provide a quantitative phenotypic tool to predict the efficacy and/or toxicity of fludarabine. Pharmacokinetic sampling of intracellular F-ara-ATP concentrations in T-lymphocytes obtained from patients receiving fludarabine therapy would be optimal. However, this approach is not feasible because low circulating CD4 + and CD8 + counts after fludarabine administration do not provide adequate cell number for quantitation. In addition, a highly acidic environment is required to stabilize F-ara-ATP in cells [19] . Thus, a novel method to estimate intracellular F-ara-ATP exposure is needed. Our laboratory recently developed a liquid chromatography-mass spectrometry (LC-MS) method to quantitate F-ara-ATP in Jurkat cells, a leukemic cell line, that is 250-1,000 times more sensitive than previously published methods [19] . With Jurkat cells, there are an unlimited number of cells available to quantitate F-ara-ATP. However, in HCT recipients receiving fludarabine, the paucity of circulating T-lymphocyte concentrations may prevent isolation of an adequate number of T-lymphocytes to quantitate F-ara-ATP. However, isolation of the T-lymphocytes of interest-specifically CD4 + and CD8 + T-lymphocytes-followed by ex vivo exposure to pharmacologically relevant fludarabine concentrations may provide an estimation of F-ara-ATP exposure. Prediction of exposure via protein or mRNA expression of the transporters and enzymes involved in F-ara-ATP uptake and activation is not realistic because studies evaluating these as predictors for fludarabine response in CLL patients have yet to yield a consistent and biologically plausible association [24, 30] . Therefore, in this study, we have sought to develop a method to directly measure an individual's functional ability to activate fludarabine to F-ara-ATP in T-lymphocytes. This quantitative method offers the ability to evaluate a patient's cellular sensitivity to fludarabine and may act as a predictive marker to adjust the dosing of fludarabine-based conditioning regimens in HCT patients. The goals of these studies were to evaluate the feasibility of quantitating F-ara-ATP accumulation rate after ex vivo fludarabine exposure of CD4 + or CD8 + T-lymphocytes; to quantitate F-ara-ATP accumulation and variability in CD4 + and CD8 + T-lymphocytes isolated from healthy volunteers and patients awaiting HCT; and to assess possible mechanisms underlying the interindividual variability by analyzing gene expression levels of transporters (hENT1, hENT2, and hCNT3) and enzymes (dCK, CN-II, and dNT-1) involved in fludarabine uptake and activation. Achieving these goals are essential to subsequent pharmacodynamic studies to evaluate the relationship of F-ara-ATP exposure in CD4 + and CD8 + T-lymphocytes and clinical outcomes in patients receiving fludarabine-based conditioning regimens.
Methods

Isolation of T-lymphocytes from healthy volunteers and patients awaiting HCT
Prior to study procedures, written consent was obtained using forms approved by the Institutional Review Board of the Fred Hutchinson Cancer Research Center (Seattle, WA, USA). Study participation did not influence the conditioning regimen administered to the HCT patients, and patients receiving any conditioning regimen were eligible for recruitment in this study. Cells were obtained from 12 healthy volunteers and 44 HCT patients. Cells from 34 of the 44 HCT patients underwent subsequent T-lymphocyte processing. Patient demographics for the 34 HCT patients used in these studies are presented in Table 1 . Most of the 34 HCT patients had prior exposure to other chemotherapy agents; only seven patients had no previous chemotherapy exposure. A variety of chemotherapeutics regimens were used in this patient group, including three patients who had previous exposure to fludarabine.
A mononuclear-enriched apheresis product was obtained from the healthy volunteers to optimize the methods to enrich and evaluate CD4 + and CD8 + T-cells for intracellular F-ara-ATP accumulation. In patients awaiting HCT, a peripheral blood sample (60 mL) was obtained from 44 adults prior to the administration of the conditioning regimen, of which 34 had sufficient total cell numbers to proceed with CD4 + and CD8 + isolation ([90 9 10 6 cells in the 60 mL peripheral blood draw was arbitrarily determined as the minimum total cell count necessary to proceed with isolation of T-lymphocytes). Independently, total white blood cells and absolute CD4 + and CD8 + cells counts were obtained within 1 day of the peripheral blood draw for each HCT patient.
The same enrichment and purification procedure for CD4 + and CD8 + lymphocytes was used for both apheresis products from healthy volunteers and peripheral blood sample from HCT patients, with an additional step for peripheral blood samples, which were treated with NH 4 CL to lyse the red blood cells before proceeding onto the selection. CD4
+ and CD8 + T-lymphocytes were purified using magnetic microbeads (Miltenyi Biotec Inc., Auburn, CA, USA) labeled with anti-CD4 + or anti-CD8 + antibody and an autoMACS TM automatic magnetic cell sorter (Miltenyi Biotec Inc., Auburn, CA, USA) according to the manufacturer's recommendations.
Fludarabine triphosphate accumulation in T-lymphocytes
The measurement of F-ara-ATP accumulation was initiated in each cell population independently within 2 h of cell isolation. Cells were incubated in fludarabine (5 lM) in RPMI 1640 media (not containing phenol red) supplemented with 10% (v/v) fetal bovine serum and 1% (v/v) antibiotic/antimycotic for 4 h at 37°C in the presence of 5% CO 2 . This concentration is in the range of the peak fludarabine plasma concentration (3 lM) after fludarabine monophosphate administration of 30 mg/m 2 /day, the dose used in nonmyeloablative conditioning regimens. Starting cell numbers varied slightly based on yield from the isolation procedure. A minimum number of 1.25 3 10 5 cells were needed per incubation to form adequate amounts of Fara-ATP for accurate quantitation. Incubations were conducted in at least two replicates. After fludarabine exposure, cells were washed twice in ice-cold phosphate buffered saline, centrifuged, and solubilized in 1 M perchloric acid. Samples were frozen at -70°C prior to F-ara-ATP quantitation.
LC-MS quantitation of fludarabine triphosphate in T-lymphocytes
After thawing, the sample was centrifuged and the supernatant was neutralized to pH *7 with 1 M potassium bicarbonate. F-ara-ATP was quantitated using the LC-MS method described previously, with the following modifications [19] . A YMC-Pack Hydrosphere C18 column (3 lm 9 2.0 mm 9 150 mm) was used with a flow rate of 0.225 ml/min and the column temperature at 30°C (Waters, Milford, MA, USA). The mobile phase consisted of 20 mM ammonium formate pH 8 (A) and methanol (B) with the following gradient: initial 96.5% A and 3.5% B to 12% B at 5 min, then 3.5% B at 8 min. Chloroadenosine triphosphate was used as an internal standard. The F-ara-ATP quantitation assay is highly sensitive and provides a limit of detection equivalent to 50 fmol F-ara-ATP. The units for all F-ara-ATP accumulation rates were pmol/1 9 10 6 cells/4 h.
Gene expression analysis
Immediately after autoMACS TM isolation of the CD4 + and CD8 + cells, a separate aliquot of lymphocytes was taken for total RNA extraction. Thus, gene expression analysis occurred in lymphocytes not exposed to fludarabine. Total RNA was extracted from CD4 + and CD8 + cells from both healthy volunteers (n = 8) and HCT patients (n = 32) using RNAqueous Ò -4PCR (Ambion, Austin, TX, USA), followed by generation of cDNA using SuperScript TM First-Strand Synthesis System for RT-PCR (Invitrogen, Carlsbad, CA, USA). Gene-specific TaqMan Ò Gene Expression Assays (Applied Biosystems, Foster City, CA, USA) were used to quantitate gene expression of key transporters and enzymes involved in F-ara-ATP accumulation (see Fig. 1 ): hENT1 (Hs00191940_m1), hENT2 (Hs00155426_m1), hCNT3 (Hs00223220_m1), dCK (Hs00176127_m1), CN-II (Hs00366992_m1), and dNT-1 (Hs00274359_m1) relative to an internal endogenous control b-glucuronidase (GUS) (4333767F) on a 7900HT Fast Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). GUS was chosen as the endogenous control because there is small variation in its expression levels across tissues [6] . Samples were performed in triplicate using 10 ng cDNA in a 25 lL reaction containing a TaqMan Ò Gene Expression Assay primer/probe set and TaqMan Ò Universal PCR Master Mix (Applied Biosystems, Foster City, CA, USA). For samples with very low RNA concentrations, we used the maximum volume of template available and were able to get amplification of all target genes and the endogenous control. The threshold cycle (C T ) is defined as the cycle number at which the fluorescence corresponding to the amplified PCR product is detected above a baseline signal. Relative quantitation was performed according to the DC T method to evaluate the differences in gene expression in CD4
+ and CD8 + T-lymphocytes from healthy volunteers and HCT patients. The DC T value, calculated in order to normalize for different amounts of cDNA in each sample, was the difference between the mean C T of a target gene and the mean C T of the endogenous control (GUS). Relative gene expression was calculated as 2 ÀDC T (arbitrary units) and multiplied by 10 3 to provide more manageable numbers. Statistical analyses were performed to evaluate associations between gene expression and F-ara-ATP accumulation in CD4 + and CD8 + T-lymphocytes from HCT patients. A power analysis was conducted with type I error rate set to 5%. We have 83% power to detect a q 2 (coefficient of determination in a regression with three independent variables) of 0.30 with 32 HCT patients in this study. Analysis was performed using the 3 predictors of the two main determinants of Fara-ATP accumulation: the genes of the uptake transporters pathway (hENT1, hENT2, and hCNT3) and the genes involved in the intracellular formation of F-ara-AMP (dCK, CN-II, and dNT-1).
Assessment of fludarabine-induced apoptosis CD4
+ and CD8 + T-lymphocytes were exposed to different concentrations of fludarabine (5, 10, and 25 lM) over several time points (4, 24, 36 , and 48 h) to evaluate induction of apoptosis/cell death. Untreated cells were used as a control to correct for cell death due to spontaneous apoptosis at each time point. At each fludarabine concentration and time point, 1.25 9 10 6 cells were incubated in RPMI media (not containing phenol red) at 37°C, and washed and resuspended in 1 mL PBS. Total cell counts were made prior to staining and flow cytometry. Cells were stained for 15 min with FITC-Annexin V (Becton Dickinson, Franklin Lanes, NJ, USA) and 7-amino-actinomycin D (7AAD) (Becton Dickinson, Franklin Lanes, NJ, USA) followed by subsequent washing. Samples were analyzed by flow cytometry to estimate the percentage of viable cells, the percentage of cells undergoing apoptosis (staining with Annexin V only), the percentage of dead or necrotic cells (staining with 7AAD only), and the percentage of dead cells that had gone through apoptotic pathways (staining for both Annexin V and 7AAD).
Results
F-ara-ATP accumulation in T-lymphocytes from healthy volunteers
Apheresis products from healthy volunteers were used initially to provide enriched CD4 + and CD8 + T-lymphocytes ([90% purity; data not shown) with which to optimize the fludarabine incubation and detection methods. Median cell yields after T-lymphocyte isolation in healthy volunteers were 2.98 9 10 7 and 2.67 9 10 7 for CD4 + and CD8 + cells, respectively. F-ara-ATP accumulation was linear over a starting cell number from 1.25 9 10 5 to 2 9 10 6 cells (data not shown). Further, in both CD4 + and CD8 + cells, incubation with fludarabine demonstrated a linear relationship between initial fludarabine concentration and F-ara-ATP accumulation in the range of 1.25-10 lM (data not shown). In addition, F-ara-ATP accumulation was also linear up to an incubation time of 4 h (data not shown). We achieved reliable assay detection of intracellular F-ara-ATP concentrations with starting cell numbers of less than 1.25 9 10 5 cells incubated with 5 lM fludarabine for 4 h. The replicates within each cell type displayed low variability, as calculated by dividing the lowest F-ara-ATP accumulation by the highest value in each cell type from each healthy volunteer. These replicates were within 71-100% of each other. The majority of the replicates (i.e., 88%) provided F-ara-ATP accumulation values that were at least within 90% of each other. Thus, we concluded that apheresis products with subsequent autoMACS TM isolation of CD4 + and CD8 + T-lymphocytes provided adequate cell numbers to quantitate F-ara-ATP accumulation.
The mean (±SD) F-ara-ATP accumulation in healthy volunteers was 7.74 ± 1.02 and 8.66 (Fig. 2) . F-ara-ATP accumulation in T-lymphocytes from patients awaiting HCT
After method optimization in the T-lymphocytes obtained from healthy volunteers, we determined the feasibility of obtaining enough CD4 + ad CD8 + cells from patients awaiting HCT to evaluate ex vivo F-ara-ATP accumulation (Table 1) . A peripheral blood sample was obtained from 44 HCT patients prior to receiving HCT conditioning. Based on pre-set criteria (total cell numbers [90 9 10 6 cells in the 60 mL peripheral blood draw before starting CD4 + and CD8 + isolation), only 34 patients had adequate total cell numbers to proceed with T-lymphocyte purification. Retrospective analysis did not show a strong association between absolute CD4 + and CD8 + counts measured on the day of the blood draw and the number of T-lymphocyte subsets isolated from the peripheral blood; therefore, absolute starting cell counts may not be a good predictor of whether or not to enroll patients in these types of studies (data not shown). Median cell yields after T-lymphocyte isolation in HCT patients were 3.78 9 10 6 and 2. (Fig. 2) . In addition, a modest association was found between F-ara-ATP accumulation in individual patient's matched CD4 + and CD8 + cells (Fig. 3) . No correlation was observed between F-ara-ATP accumulation and age, gender, or disease state from CD4 + or CD8 + cells in these HCT patients (data not shown).
Gene expression in CD4 + and CD8 + T-lymphocytes
We then evaluated the mRNA expression levels of the transporters (hENT1, hENT2, hCNT3) and enzymes (dCK, CN-II, and dNT-1) important in the uptake of fludarabine and subsequent formation of F-ara-ATP (see Fig. 1 ).
Relative quantitation of the expression of these genes in CD4 + and CD8 + T-lymphocytes is presented in Table 2 for both healthy volunteers and HCT patients. We observed wide variability in the expression levels of several of the genes, with hCNT3 displaying the highest variability, followed by hENT1 and dNT-1. Less variability was observed in the expression of hENT2, dCK, and CN-II. Similar to what we observed with F-ara-ATP accumulation in CD4 + and CD8 + T-lymphocytes, we saw much higher interindividual variability in gene expression in the HCT patients compared to healthy volunteers. The difference in variability between healthy volunteers and HCT was particularly evident in the hENT1, hCNT3, and dNT-1 genes. The average expression of hENT1 was significantly decreased in CD8 + cells compared to CD4 + cells (P \ 0.0001) isolated from HCT patients; however, none of the other genes displayed such a differential gene expression between the two cells types. Statistical analysis showed no association between gene expression levels for the transporters and enzymes involved in fludarabine uptake and activation and intracellular accumulation of F-ara-ATP in CD4 + and CD8 + lymphocytes from HCT patients. The mRNA expression of dNT-1 was associated with F-ara-ATP accumulation in CD8 + cells (P \ 0.0005), but the slope of the association was very small; therefore, it is unlikely that dNT-1 mRNA expression is a good marker for T-lymphocyte F-ara-ATP accumulation.
Fludarabine-induced apoptosis in lymphocytes
By virtue of inhibition of ribonucleotide reductase and DNA polymerase, fludarabine induces apoptosis and cell death [15] . One hypothesis would be that an increased rate of accumulation of the active metabolite F-ara-ATP in Tlymphocytes would presumably lead to more rapid and/or a greater degree of cell death. This was investigated using isolated CD4 + and CD8 + cells from three healthy volunteers. Annexin V staining identifies cells undergoing early stages of apoptosis, while the dye 7AAD marks cells in later stages of apoptosis or necrosis. Cells that stain for both Annexin V and 7AAD indicate cells that have died via apoptotic pathways. Cells that did not stain for either dye were considered viable. No apoptosis was observed after a 4-h incubation with 5 lM fludarabine which were the conditions used to evaluate intracellular F-ara-ATP accumulation (described in the methods), which indicates that little cell death is occurring during our incubation time for F-ara-ATP quantitation. We observed a consistent concentration-dependent decrease in viable CD4 + and CD8 + T-cells after 24 h incubations with 5, 10, and 25 lM fludarabine (Fig. 4a) . Furthermore, a time-dependent decrease in viable cells was also observed with incubations at the lowest fludarabine concentration (5 lM), with very few viable cells remaining after 48 h (Fig. 4b) .
Discussion
F-ara-ATP is the major cytotoxic metabolite of fludarabine; therefore, estimating F-ara-ATP exposure in CD4 + and CD8 + T-lymphocytes could be a more predictive measure of an individual's response to fludarabine. Unfortunately, quantitation of F-ara-ATP in T-lymphocytes from pharmacokinetic samples obtained from patients receiving fludarabine has not been feasible to date. We have demonstrated the feasibility of measuring F-ara-ATP accumulation rate in CD4 + and CD8 + T-lymphocytes isolated from healthy volunteers or HCT recipients. Determining intracellular F-ara-ATP accumulation may provide a direct quantitative method to evaluate the degree of fludarabine-induced immunosuppression and subsequent clinical efficacy and toxicity. This method will also allow for estimation of an individual's intracellular F-ara-ATP exposure by establishing a ratio between plasma fludarabine and the measured ex vivo F-ara-ATP accumulation rate.
Identifying determinants of T-lymphocyte suppression after fludarabine administration is critical. Complete remission rates and infections are associated with the amount of T-cell suppression after fludarabine administration to patients with CLL [22] . Fludarabine has also proven to be a key component of reduced-intensity HCT conditioning regimens, in which fludarabine appreciably improves engraftment rates from 80% with total body irradiation (TBI) alone to [95% with fludarabine/TBI [4, 10, 18, 27] . Although fludarabine decreases rejection rates, its use is associated with slower immune recovery and an increased susceptibility to infections [4, 10, 27] . The success of reduced-intensity conditioning regimens for allogeneic HCT relies on achieving a fine balance between recipient and donor cells such that there is sufficient immunosuppression of the recipient, maximal anti-tumor effect, and minimal toxicity. The ultimate goal is to achieve acceptably low rates of graft rejection and graftversus-host disease, and maximize the graft-versus-tumor effect, which involves the immunoreactivity of donor cells against recipient tumor cells [8, 10, 17, 21, 28, 34, 35, 37] . Following nonmyeloablative conditioning, short-term mixed chimerism develops in the patient after infusion of the donor cells. Mixed chimerism is a state in which donor and host hematological cells co-exist in the blood of the recipient. The level and rate of change in donor T-cell chimerism has been correlated with several clinical outcomes such as graft rejection, graft-versus-host disease, disease relapse/progression (i.e., graft-versus-tumor effect), and progression-free survival [4] . Current research is focusing upon identifying the optimal blood cell population(s) to monitor for chimerism, including CD3 + , CD4 + , CD8 + , granulocytes, and natural killer cells [8, 34, 37] . Some of the observed associations between donor T-cell chimerism levels and subsequent clinical responses could, in part, reflect differences in each recipient's sensitivity to the conditioning regimen. One example of such interindividual variability could be the rate of cellular uptake, activation, and response to fludarabine. For instance, if less F-ara-ATP accumulates in the recipient's cells during the conditioning, fewer of their immunologically competent cells will die, leading to lower donor T-cell chimerism, which may increase the risk of graft rejection, relapse, or progression of the recipient's underlying malignancy due to low graft-versus-tumor effect [2, 3] . Conversely, increased F-ara-ATP accumulation might result in slower recovery of immune function and increased infections, leading to higher morbidity and mortality. Thus, the development of quantitative methods to predict dosing and drug response is critical to optimizing fludarabine treatment.
With our highly sensitive method to quantitate F-ara-ATP, we were able to evaluate the degree of variability in intracellular F-ara-ATP accumulation. We observed that while both healthy volunteers and HCT patients exhibit considerable variability in the accumulation of F-ara-ATP in T-lymphocytes, the variability was much greater in HCT patients. Several reasons may account for this increased variability in HCT patients, including disease state, prior chemotherapy treatment, and concomitant medications.
Fludarabine has been traditionally used in the treatment of CLL. Peak concentrations of fludarabine are reached in myeloblasts and leukemic lymphoblasts 4-6 h after fludarabine infusion, and the intracellular half-life of fludarabine is about 15 h [14, 15] . Lymphopenia is a wellrecognized effect of fludarabine administration in CLL + and CD8 + lymphocytes occurring for [24 months after fludarabine administration [9, 20] . However, the immediate effects of fludarabine administration upon circulating T-cells have not been well characterized. In vitro, CD8 + T-lymphocytes appear to be more sensitive to fludarabine; short-term exposure of CD4 + and CD8 + Tlymphocytes isolated from healthy volunteers led to a higher proportion of CD8 + cells undergoing apoptosis than CD4 + cells [13] . Variability in the cellular uptake and activation of fludarabine in CD4
+ and CD8 + cells may account for this differential cellular sensitivity, but our data suggest a similar degree of F-ara-ATP accumulation between the two lymphocyte subsets (Fig. 2) . We did, however, observe significant interindividual variability in F-ara-ATP accumulation in HCT patients in both lymphocyte subsets. This large variability we observed ([10-fold), as well as the twofold-variability in plasma AUC of fludarabine [7] , is clearly enough to expect fludarabine responses to vary as a result of variable F-ara-ATP exposure.
There have been mixed results amongst the in vitro and in vivo studies that evaluated if drug-induced apoptosis or clinical outcomes are associated with the expression of genes involved in intracellular uptake and activation of nucleoside analogs [12, 16, 24, 25, 30, 36] . Therefore, a biologically plausible and consistent association has not been found between clinical responses and protein or mRNA expression of transporters and enzymes involved in F-ara-ATP formation. Our results in T-lymphocytes qualitatively support these findings because we also did not observe a relationship between mRNA expression and Fara-ATP accumulation. We observed significant variability in the gene expression of the transporters and enzymes involved in fludarabine uptake and activation, and as with the F-ara-ATP accumulation measurements, this variability was more pronounced in HCT patients than it was in healthy volunteers. This greater variability in HCT patients could be due to the prior administration of chemotherapy, however, the specific effects of an individual chemotherapeutic agent could not be studied due to the limited sample size. However, we did not find significant associations between the levels of intracellular F-ara-ATP and the mRNA expression level of specific genes. Therefore, gene expression does not appear to be a good indicator of F-ara-ATP accumulation in CD4 + and CD8 + T-lymphocytes. The wide variability that we observed is consistent with another report that estimated gene expression of nucleoside transporters in CLL patients and observed substantial variability in the expression of hENT1, hENT2, and hCNT3 [29] . These researchers also found no association with gene expression levels of nucleoside transporters and fludarabine-induced cytotoxicity [29] . Another report evaluated dCK gene expression in peripheral leukocytes from CLL patients and found no association between dCK gene expression and enzymatic activity, suggesting that dCK mRNA levels are not a good indicator for dCK protein expression [23] . We also observed a significant increase in hENT1 expression in CD4 + cells isolated from HCT patients compared to CD8 + cells, which is consistent with a previous report [13] . However, none of the other genes of interest displayed a significantly different expression pattern between CD4 + and CD8 + cells. These data together suggest that while substantial variability exists, gene expression may not be a good predictor of protein expression and functional activity that influences fludarabine uptake and activation. Unfortunately, a high number of T-lymphocytes would be needed to evaluate protein expression of the relevant transporters and enzymes. Thus, the association of gene expression with protein expression and functional activity was not feasible.
Fludarabine-induced apoptosis was also evaluated in CD4 + and CD8 + T-lymphocytes obtained from healthy volunteers. Both fludarabine concentration-and duration of exposure time-dependence were observed. As these preliminary studies suggest, cells exposed to higher levels of F-ara-ATP would undergo more rapid and greater cell death. Therefore, we would expect that the greater than tenfold differences seen in intracellular accumulation of Fara-ATP in individual HCT patients would result in differences in the degree and rate of apoptosis seen in their CD4 + and CD8 + T-cells. This in turn could have a significant impact on the extent of immunosuppression resulting after the conditioning regimen, and subsequent clinical outcomes such as graft rejection, delayed engraftment, and anti-tumor responses. However, since there was variability in the percentage of viable cells in the T-lymphocytes not treated with fludarabine (Fig. 4a) , this variability may contribute to the ability of these lymphocytes to form F-ara-ATP since fludarabine uptake and its enzymatic conversion to F-ara-ATP are active processes. The ideal experiment of correlating F-ara-ATP accumulation with the percentage of viable T-lymphocytes at each concentration and time point is not feasible because of the high number of T-lymphocytes that would be required from each donor. Future studies are needed to directly evaluate the association with F-ara-ATP accumulation and cellular apoptosis in HCT patients. An improved understanding of the pharmacodynamics of fludarabine in patients receiving fludarabine/TBI will also be gained by future studies directed to determine the association between F-ara-ATP accumulation and circulating CD4 + and CD8 + cells and T-cell donor chimerism.
In conclusion, we have shown that adequate number of T-lymphocytes can be isolated from healthy volunteers and from patients awaiting HCT to quantitate F-ara-ATP accumulation using our novel, highly sensitive method originally developed in cell lines. We are the first to demonstrate considerable interindividual variability in intracellular F-ara-ATP accumulation rates within CD4 + and CD8 + T-lymphocytes. Healthy volunteers exhibited a small range of accumulation values; however, the variability in F-ara-ATP accumulation was significantly greater in patients awaiting HCT. Subsequent translational studies will be necessary to evaluate whether F-ara-ATP accumulation or estimated exposure provides a novel diagnostic tool to predict an individual's sensitivity and response to fludarabine, with the long-range goal of individualizing fludarabine doses to improve the efficacy and/or toxicity of this important nucleoside analog.
